The emission from black hole binaries (BHBs) and active galactic nuclei (AGNs) displays significant aperiodic variabilities. The most promising explanation for these variabilities is the propagating fluctuations in the accretion flow. It is natural to expect that the mechanism driving variabilities in BHBs and AGNs may operate in a black hole hyper-accretion disk, which is believed to power gamma-ray bursts (GRBs). We study the variabilities of jet power in GRBs based on the model of propagating fluctuations. It is found that the variabilities of jet power and the temporal profile of erratic spikes in this scenario are similar to those in observed light curves of prompt gamma-ray emission of GRBs. Our results show that the mechanism driving X-ray variabilities in BHBs and AGNs may operate in the central engine to drive the variabilities of GRBs.
INTRODUCTION
The prompt emission of gamma-ray bursts (BHBs) are known to be highly variable. The temporal structure exhibits diverse morphologies (Fishman & Meegan 1995) , which can vary from a single smooth large pulse to an extremely complex light curve with many erratic spikes (see Figure 1 in Pe'er 2015) . From the observational point of view, most of the observed light curves are favored the later case, i.e., presented with many spikes overlapping within a short duration (e.g., Figure 1 , 4, and 5 in Fishman & Meegan 1995) . It is believed that the observed variabilities may provide an interesting clue to understand the nature of GRBs (e.g., Morsony, Lazzati, & Begelman 2010) . Several models have been proposed to explain the variabilities of the prompt emission, such as internal shock model (Rees & Meszaros 1994; Paczynski & Xu 1994; Kobayashi, Piran, & Sari 1997; Daigne & Mochkovitch 1998; Bošnjak, Daigne, & Dubus 2009) , relativistic mini-jets (Lyutikov & Blandford 2003; Yamazaki, Ioka, & Nakamura 2004; or relativistic turbulence ; ⋆ E-mail: lindabin@gxu.edu.cn Lazar, Nakar, & Piran 2009; Lin et al. 2013 ) in a bulk relativistic jet. Within the internal shock model, the variabilities of prompt emission are attributed to the history of central engine activity. Then, the variabilities from the central engine may be important for our understanding of GRBs nature.
Several scenarios for GRBs central engine have been discussed in the literature (see Zhang 2011 for a review). The leading type of these scenarios is a stellar-mass black hole surrounded by a hyperaccretion disk (e.g., Narayan, Paczynski, & Piran 1992; Popham, Woosley, & Fryer 1999; Narayan, Piran, & Kumar 2001; Gu, Liu, & Lu 2006; Liu et al. 2007) . In this type, two kind of energy reservoirs are proposed to provide the jet power. The first kind of energy reservoir is the rotational energy of black hole/accretion disk, which can be extracted through the Blandford-Znajek/Blandford-Payne mechanism (BZ/BP model) by the aid of large-scale magnetic field in the disk (Blandford & Znajek 1977; Blandford & Payne 1982; Lei, Zhang, & Liang 2013; Liu et al. 2015) . The second kind of energy reservoir is the accretion energy in the disk carried by neutrinos and antineutrinos. The annihilation of neutrino-antineutrino pairs outside the disk fuels a relativistic jet. In these two energy reservoirs, the formation of jets is associated with the hyper-accretion disk. Then, it is natural to expect that the variabilities in the hyper-accretion disk would lead to the fluctuations of jet (Lin et al. 2015) . In black hole binaries (BHBs) and active galactic nuclei (AGNs), X-ray emission from accretion disks is observed to display significant aperiodic variabilities on a broad range of timescales (e.g., Gilfanov 2010) . It reveals that fluctuations may appear in the accretion disk of BHBs and AGNs. One basic question is that, what would be the behaviour of jet in GRBs, if the mechanism driving fluctuations in the disk of BHBs and AGNs operates in a hyper-accretion disk. This is the focus of our work.
For the variabilities of X-ray emission in BHBs and AGNs, the most promising explanation is the model of propagating fluctuations (Lyubarskii 1997; King et al. 2004; Mayer & Pringle 2006; Janiuk & Czerny 2007; Lin et al. 2012 ). In this model, the variabilities of disk emission arise from the fluctuations of mass accretion rate, which are produced at different radii and propagate into the inner region of the disk. The fluctuations of mass accretion rate in the inner region would modulate the energy released in the vicinity of black hole, where produces most of X-ray emission. Observations have shown that the variabilities of X-ray emission are non-linear. In addition, the root-meansquare (σrms) variability is proportional to the average flux over a wide range of time-scales (Uttley & McHardy 2001; Gleissner et al. 2004; Uttley, McHardy, & Vaughan 2005; Heil, Vaughan, & Uttley 2012) . This indicates that short time-scale variations are modulated by those with longer time-scales, and thus favours the model of propagating fluctuations. In this work, we adopt the model of propagating fluctuations to study the variabilities of jet power in GRBs.
PROCEDURES FOR PRODUCING LIGHT CURVES

Model of Propagating Fluctuations
As first suggested by Lyubarskii (1997) , if the viscosity parameter α fluctuates at each radius on the local viscous timescale and in a spatially uncorrelated manner, the characteristic power spectral density (PSD) of observed Xray variabilities can be reproduced. Following the work of Arévalo & Uttley (2006) , we discretize the accretion disk into a finite number of annulus. The ratio between radii for consecutive annulus remains constant. With this kind of geometric spacing and keeping a constant variability power of α for different annulus, the characteristic shape of X-ray variabilities PSD can be produced. Then, the fluctuations of α in an annulus is modelled as
where α0, b (< 1), and ξ (= 1, 2) are constants, r is the radius of annulus relative to the central black hole, and u(r, t) sets the fluctuations of α(r, t). The conditions of u(r, t) = 0 and max(|u(r, t)|) = 1 are adopted, where u(r, t) and max(|u(r, t)|) are the average value and maximum absolute value of u(r, t), respectively. In order to produce most of variability power at the viscous timescale tvis(r), u(r, t) is modelled as random fluctuations with a Lorentzian-shaped-PSD,
where f0 = 1/tvis(r) is adopted and Q = 0.5 determines the width of the Lorentzian-shape (Arévalo & Uttley 2006) . The relation of tvis(r) = r 2 /ν is found for an accretion disk, where ν is the the kinematic viscosity. It should be noted that the value of b would determine the fluctuation of α or the value of ∆α/α, where ∆α represents the amplitude of α fluctuation. In the work of Lyubarskii (1997) , the condition of ∆α/α << 1 is adopted in order to find the fluctuations of mass accretion rate by analytical method. However, ∆α/α << 1 does not the requirement of the propagating fluctuations model (e.g., Janiuk & Czerny 2007) . Theoretically, a turbulent viscous stress, which is believed to be arose from the magneto-hydrodynamic rotational instability (e.g., Balbus & Hawley 1998) , always shows high-amplitude variabilities as indicated by numerical simulations (e.g., Hirose, Krolik, & Blaes 2009; Simon, Hawley, & Beckwith 2009; Davis, Stone, & Pessah 2010) . One can find this behavior in Figure 10 of Hirose, Krolik, & Blaes (2009) , of which the ratio of maximum α to minimum α can reach ∼ 7. This reveals that the value of b can be as high as ∼ 0.75. In our work, we will discuss the situations with b = 0.2, 0.5, and 0.8, which can reproduce the observed PSD of disk emission in BHBs and AGNs (see discussions in Section 3). For these situations, b << 1 or ∆α/α << 1 does not satisfy. Then, we present numerical studies on the fluctuations of mass accretion rate.
In the model of propagating fluctuations, the fluctuations of α would produce a varying mass accretion rateṀ in the inner region of disk. The value ofṀ in the disk can be estimated as (e.g., Equation (3.15) in Kato, Fukue, & Mineshige 2008) 
where ν = αcsH, cs is the sound velocity of gas, H is the half thickness of the disk at radius r, and the surface density Σ satisfies (e.g., Equation (3.18) in Kato, Fukue, & Mineshige 2008 )
Equations (3) and (4) are the same as Equations (4) and (6) in Lyubarskii (1997) , respectively, but with different symbol for surface density of disk. As showed in Lyubarskii (1997) , Equations (3) and (4) can present a better explanation for the observed variabilities. In addition, the results found in our work are the qualitative results. Then, we use Equations (3) and (4) to study the variabilities of GRBs. The outflow and gas adding into the disk, which are not considered in Equation (4), may be present in the central engine of GRBs, BHBs, and AGNs. However, the disk emission in BHBs and AGNs is also observed with highly variable even above two ingredients are believed to be present in the disk. That is to say, the outflow and gas adding into the disk do not alter the highly variable behavior in BHBs, AGNs, and the central engine of GRBs (Lin et al. 2012) . In this work, we are interested in the variabilities of GRBs jet under the situation that the mechanism driving X-ray variabilities in BHBs and AGNs operates in a hyper-accretion disk. Then, the outflow and gas adding into the disk are not considered. The value of cs and H is associated with the advection factor f adv (= Q Narayan & Yi 1994) and in the inner region of neutrino-cooling-dominated accretion flow (NDAF; Popham, Woosley, & Fryer 1999; Kohri, Narayan, & Piran 2005) , respectively. Since the value of H does not change significantly for these two cases, we adopt H/r = 0.5 in our calculations. Then, the value of cs can be estimated with cs = υϕ/2.
Jet Power
In order to estimate the variabilities of jet power, the dependence of jet power onṀ should be prescribed. The dominant paradigms for jet production are outlined in the works of Blandford & Znajek (1977) and Blandford & Payne (1982) . In both of the models (i.e., BZ/BP model), the jet power Pjet can be modeled as (Livio, Ogilvie, & Pringle 1999; Cao 2002; Li & Cao 2012; Lin et al. 2015 )
where ǫ(r) = (r/rg) −γ (1 − rin/r) with γ = 3 is taken to follow the radial loss rate of gravitational energy in the accretion flow, rg(= 2GMBH/c 2 ) is the Schwarzschild radius of black hole, and rin (rout) is the inner (outer) radius of disk involved to produce the jet. The observations show that the launch region of jet in M87 is limited to rout 10rg (Asada & Nakamura 2012; Hada et al. 2013 ). Then, we adopt rout = 10rg and rin = 3rg in our calculations.
In a NDAF, the jet may be powered by neutrinoantineutrino annihilation, which depends on the luminosity of hyper-accretion disk. The disk luminosity can be estimated withṀ , f adv , and ǫ(r), i.e.,
where rout is the outer radius of NDAF. For disks withṀ satisfyingṀign <Ṁ <Ṁtrap, the value of f adv may be ∼ 0.01 in the inner region of disk and ∼ 1 in the outer region of disk. Here,Ṁign andṀtrap are the critical mass accretion rates for igniting and suppressing neutrino cooling, respectively (Chen & Beloborodov 2007) . Then, the dependence of 1 − f adv on the radius may be modeled as r −µ with µ 0. With 1 − f adv ∝ r −µ in Equation (6), it is shown that the variabilities of L(t) for different µ (µ > 0) do not show significant difference except for the variabilities in the shortest timescales (see Figure 2 of Arévalo & Uttley 2006 ), which does not affect our conclusions. Then, we adopt µ = 0 in this work. Thus, the disk luminosity can be described as
According to the results showed in Zalamea & Beloborodov (2011) , the jet power can be described as
IfṀ is a constant for different radius, above equation is reduced to Pjet,νν ∝Ṁ 9/4 , which can be found in Equation (22) of Zalamea & Beloborodov (2011) . In the model of propagating fluctuations,Ṁ may be different for different r and t. In order to involve this behavior, Equation (8) is introduced to approximately describe Pjet,νν . The power-law index k describing the relation of Pjet,νν and L as Pjet,νν ∝ L k may be different in different work (such as, k = 2.17 is found in Xue et al. 2013 ). However, a minor difference in k does not play significantly effect on the variabilities (see the discussion in end of Section 3). As showed by Arévalo & Uttley (2006) , the variabilities of Pjet,νν (t) produced with Equation (8) and constant mean value ofṀ (r, t) do not present significantly difference from the variabilities ofṀ (rin, t) 9/4 . To simplify, Equation (8) is used with rin = 3rg and rout = 10rg, which does not affect our qualitative conclusions in this work. Equations (5) and (8) are used to estimate the variabilities of jet power. Since we are interested in the variabilities of jet power, the jet power is normalized with its maximum value in our simulations.
RESULTS
The black hole-torus engine is widely discussed in both the collapsar scenario (Woosley 1993; MacFadyen & Woosley 1999; Proga et al. 2003; Zhang, Woosley, & MacFadyen 2003) and the compact star merger scenario (Narayan, Paczynski, & Piran 1992) . In the collapsar scenario, the accretion of the stellar core, which forms an accretion disk around the central black hole, fuels the prompt emission. In the compact star merger scenario, a debris disc is formed within only a few dynamical timescales when the lighter companion neutron star is tidally disrupted. Then, we discuss the variabilities of jet driven by the accretion of a torus. The initial distribution of gas in the torus is simply described as
where r0 = 100rg is the central radius of gas distribution in the disk. The mass of gas in the disk is set as M⊙ (solar mass), i.e., ∞ r in 2πrΣdr = M⊙, and MBH = 10M⊙ is adopted.
We study the variabilities of jet power in four cases: (a) b = 0.2, ξ = 1; (b) b = 0.5, ξ = 1; (c) b = 0.8, ξ = 1; (d) b = 0.8, ξ = 2. The varying α(10rg, t) in different situations is showed in the upper panels of Figure 1 . In a magnetohydrodynamic simulation (e.g., Hirose, Krolik, & Blaes 2009 ), the total duration of simulations may be around 500/ΩK, where ΩK is the orbital frequency. For performing comparison, we show the variabilities of α(10rg, t) in [0s, 2.5s], where 2.5s is around 500/ΩK(10rg). It can be found that the variabilities of α (such as the ratio of maximum α to minimum α) showed in the upper panels, especially for cases (b) and (r, t) 2 ǫ(r)2πrdr with γ = 5 in ǫ is adopted to describe the X-ray emission from ADAF (Ṁ 0 .01M Edd ), and is calculated in a disk with a constant mass accretion rate at the outer radius (10 3 rg) of disk. In the middle panels, the light curves of LX are showed with a duration of 50s and LX,max is the maximum value of LX, where the total duration of disk emission from our simulations is around 10 3 s. The light curves of LX in the situations of (a)-(c) are always observed in BHBs. The case (d) is used to discuss the situation with intense variabilities, which may appear in the hardto-soft state transition of BHBs (Remillard & McClintock 2006) . In the lower panels of Figure 1 , the behavior of f × P f = constant can be found for low frequency f < 10Hz. This reveals P f ∝ f −1 for low frequency, which is consistent with the expectation of propagating fluctuations model (see Figure 2 of Arévalo & Uttley 2006) . By comparing our PSD with those showed in observations (e.g., Figure 2 .6 of Gilfanov 2010), the value of b ∼ 0.2 − 0.8 is required in order to explain the observations of BHBs and AGNs. Then, our studying four cases may all appear in the observations of BHBs and AGNs.
The light curves of jet power in the above four cases are showed in Figure 2 . In this figure, the upper panels describe the light curves of jet power produced by BZ/BP model, i.e., Equation (5), and the lower panels describe the light curves of jet power produced by neutrino-antineutrino annihilation, i.e., Equation (8). It can be found that the light curves in Figure 2 are similar to those of observations (e.g., Figure 1 .3 of Bouvier 2010). Moreover, the profile of erratic spikes in (b)-(d) is also similar to those of observations, such as the erratic spikes in GRBs 920513 and 050117. The temporal structure of jet power variabilities is related to the value of b or the amplitude of α fluctuations according to this figure. If the amplitude of α fluctuations is high, e.g., case (d), the light curve of jet power is found to be complex with large amplitude erratic spikes. However, if α is present with low amplitude variabilities, e.g., case (a), the light curve of jet power is smooth. Then, one can conclude that by changing the amplitude of α fluctuations, the diverse morphologies of observed light curves from a single smooth large pulse to extremely complex light curves can be reproduced in the model of propagating fluctuations. Making comparison between upper and lower panels in Figure 2 , one can find that the amplitude of Pjet,νν (t) variabilities is higher than that of Pjet(t) variabilities. This is owing to the relations of Pjet,νν (t) ∝Ṁ and Pjet(t) ∝Ṁ , or, δPjet,νν (t)/Pjet,νν (t) ∼ 2.25δṀ /Ṁ and δPjet(t)/Pjet(t) ∼ δṀ /Ṁ , where δPjet,νν , δPjet, and δṀ represent the variable component of Pjet,νν, Pjet, andṀ , respectively. According to the above two relations, the same δṀ /Ṁ would produce different amplitude of Pjet,νν(t) and Pjet(t) variabilities.
CONCLUSIONS AND DISCUSSION
It is found that the X-ray emission from accretion disk in BHBs and AGNs displays significant aperiodic variabilities. The most promising explanation for these variabilities is the propagating fluctuations in the accretion flow. In addition, it is believed that a hyper-accretion disk may reside in the central engine of GRBs. Then, it is natural to expect that the mechanism (e.g., the model of propagating fluctuations) driving variabilities of X-ray emission in BHBs and AGNs may operate in a hyper-accretion disk. In this paper, we study the variabilities of jet power in GRBs based on the model of propagating fluctuations. It is found that the variabilities of jet power and the profile of erratic spikes in this scenario are similar to those found in the prompt gammaray emission of GRBs. The temporal structure of jet power variabilities is related to the amplitude of α fluctuations. If the amplitude of α fluctuations is high, the light curve of simulated jet power is complex with large amplitude erratic spikes. However, if the amplitude of α fluctuations is low, the light curve of jet power is smooth. Then, we conclude that by changing the amplitude of α fluctuations, the diverse morphologies of light curves from a single smooth large pulse to an extremely complex light curve can be reproduced in the model of propagating fluctuations. These qualitative results reveal that the mechanism driving X-ray variabilities in BHBs and AGNs may operate in the central engine of GRBs to drive the observed variabilities (Carballido & Lee 2011) .
In GRB physics, the central engine of GRBs remains an open question (Zhang 2011) . Except for scenario of a stellar-mass black hole surrounded by a hyper-accretion disk, other scenarios have been proposed to drive GRBs. Millisecond magnetar, which is a rapidly spinning and strongly magnetized neutron star, has been suggested as the central engine of GRBs (Usov 1992; Thompson 1994; Dai & Lu 1998; Wheeler et al. 2000; Zhang & Mészáros 2001; Metzger, Quataert, & Thompson 2008; Metzger et al. 2011; Bucciantini et al. 2012; Lü & Zhang 2014) . In this scenario, the rotational energy of the millisecond magnetar is used to power GRBs and the hyper-accretion disk is absent. Then, the conclusion in this work, which is based on a black hole hyper-accretion disk, is not applicable for this scenario.
